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Abstract The Higgs-boson decay h→ γℓ+ℓ− for var-
ious lepton states ℓ = (e, µ, τ) is analyzed. The dif-
ferential decay width and forward–backward asymme-
try are calculated as functions of the dilepton invari-
ant mass in a model where the Higgs boson interacts
with leptons and quarks via a mixture of scalar and
pseudoscalar couplings. These couplings are partly con-
strained from data on the decays to leptons, h→ ℓ+ℓ−,
and quarks h → qq¯ (where q = (c, b)), while the Higgs
couplings to the top quark are chosen from the two-
photon and two-gluon decay rates. Nonzero values of
the forward–backward asymmetry will manifest effects
of new physics in the Higgs sector. The decay width
and asymmetry integrated over the dilepton invariant
mass are also presented.
PACS 11.30.Er; · 12.15.Ji; · 12.60.Fr; · 14.80.Bn
1 Introduction
Since the discovery of the Higgs boson [1, 2] its decay
channels have been extensively studied. In general, the
decay pattern and properties of the h boson are consis-
tent [3] with the quantum numbers JPC = 0++ of the
boson in the standard model (SM). Yet the nature of h
needs to be clarified and will be investigated in detail
in the next run of the LHC after its upgrade.
In many extensions of the SM a more complicated
Higgs sector can exist, and some of the Higgs bosons
may not have definite CP parity [4–6]. This aspect of
the Higgs-boson physics is important for clarification of
the origin of the CP violation, and possible additional
mechanisms beyond the CP violation via the CKM
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matrix which can contribute to the observed matter–
antimatter asymmetry in the Universe [7].
The CP properties of the Higgs boson were ad-
dressed for the two-photon decay h → γ γ in a model
with vectorlike fermions [8]. It was shown that the mu-
tual orientation of linear polarizations of the photons
carries information on the CP violation. This idea was
elaborated in Ref. [9], where the Bethe–Heitler conver-
sion on nuclei of the two photons to electron–positron
pairs was suggested as a means to probe the CP vi-
olation in the Higgs coupling to photons. In Ref. [10]
the author analyzed possibilities of observation of the
CP violation effects in the Higgs decays h → V1 V2 →
(f1 f¯2) (f3 f¯4) to various final lepton and quark pairs,
where V =W±, Z.
In Refs. [11, 12] the authors suggested to study the
CP violation effects in the Higgs sector in the decay
h → γZ via the polarization parameters of the pho-
ton, or Z boson. A direct way for this is the forward–
backward (FB) asymmetry in the decay h → γZ →
γf f¯ , where the Z boson on the mass shell decays to
fermions. This observable vanishes in the SM and there-
fore it carries information on physics beyond the SM.
Estimates of CP violation effects in some models of new
physics were made in [11, 12].
The invariant-mass distributions in the Higgs decay
to the γℓ+ℓ− and γqq¯ final states were intensively ex-
plored in Refs. [13–20]. The first experimental study
of the process h → γµ+µ− by the CMS collaboration
was recently reported in [21]. The analysis in [21] was
performed for dimuon invariant mass less than 20 GeV.
In Refs. [22, 23] the authors discussed the angular
distribution of the leptons ℓ = (e, µ, τ) in the decay
h → γℓ+ℓ− in the framework of the SM. The impor-
tance of the FB asymmetry was emphasized, and its
nonzero values were found. At the same time, beyond
2the SM, in Ref. [24] the FB asymmetry was proposed
as a probe for CP -violating Higgs coupling to Zγ and
γγ states.
The FB asymmetry sure enough is an informative
observable which can be of interest for future experi-
ments at the LHC. In the present paper we address the
decay h→ γℓ+ℓ− in some detail. In addition to the loop
mechanism h → γZ∗ → γℓ+ℓ− considered in [11, 12],
we include here the photon bremsstrahlung off leptons,
i.e. tree-level amplitudes for h → γℓ+ℓ−, and the loop
amplitude h → γγ∗ → γℓ+ℓ−. We remark that in the
framework of the SM the FB asymmetry is equal to
zero as a consequence of the scalar nature of the Higgs
boson. This asymmetry can take nonzero values only in
models beyond the SM and therefore this observable is
sensitive to possible CP violation in the Higgs sector.
To estimate values of this asymmetry we apply a
model in which the Higgs boson couples to fermions
with a mixture of the scalar (S) and pseudoscalar (PS)
interactions. The strength of the S and PS couplings,
1+ sf and pf , respectively, are partly constrained from
the LHC measurements of the decay rates h → ℓ+ℓ−
and h → qq¯ (where q = (c, b)) [25, 26]. As for the
Higgs interaction with the top quark, the corresponding
couplings are chosen from experimental information on
the two-photon, h→ γγ, and two-gluon, h→ gg, decay
widths.
In this model, for the decays h → γℓ+ℓ− we derive
the distribution over the angle θ between the momen-
tum of the lepton (in the rest frame of the pair ℓ+ℓ−)
and momentum of the photon (in the rest frame of h).
The presence of the PS hff¯ coupling gives rise to the
linear in cos θ terms in this distribution, and thereby
to a FB asymmetry. We calculate the differential decay
width and FB asymmetry as functions of the dilepton
invariant mass squared q2 = (q+ + q−)
2 (q+ and q−
are the four-momenta of leptons). The widths and FB
asymmetries integrated over the invariant mass are also
discussed.
The paper is organized as follows. In Sect. 2 ampli-
tudes and angular distribution in h → γℓ+ℓ− are pre-
sented. The loop contributions are defined for the S and
PS Higgs couplings to the fermions. The FB asymmetry
is discussed. In Sect. 3 the differential decay width and
FB asymmetry for various leptons are calculated. The
results of the calculation are discussed. Section 4 con-
tains the conclusions. In Appendix A the loop integrals
are defined, and in Appendix B vanishing of the contri-
bution from axial-vector Zff¯ coupling to the fermion-
loop diagrams is shown.
2 Formalism
2.1 Amplitudes and angular distribution
There are models with more than one Higgs doublet
which induce CP violation due to the specific coupling
of neutral Higgs bosons to fermions. We assume that
the couplings of h boson to the fermion fields, ψf , are
given by the Lagrangian including both scalar and pseu-
doscalar parts,
Lhff = −
∑
f=ℓ, q
mf
v
h ψ¯f (1 + sf + i pfγ5)ψf , (1)
where v =
(√
2GF
)−1/2 ≈ 246 GeV is the vacuum ex-
pectation value of the Higgs field,GF = 1.166378×10−5
GeV−2 is the Fermi constant [27], mf is the fermion
mass and sf , pf are real parameters (sf = pf = 0 cor-
responds to the SM). Equation (1) can be considered
as a phenomenological parametrization of effects of new
physics. As for the Higgs interaction with the W± and
Z bosons, it is assumed to be the same as in the SM.
We consider the decay of the zero-spin Higgs h bo-
son
h(p) → γ(k, ǫ(k)) + ℓ+(q+) + ℓ−(q−) , (2)
where the four-momenta of the h boson, photon, and
leptons are p, k, q+, q− respectively, and ǫ(k) is the
polarization four-vector of the photon.
The differential decay width can be written as
dΓ
dq2 d cos θ
=
βℓ(m
2
h − q2)
(8π)3m3h
|M|2 , (3)
where mh is the mass of the h boson, q ≡ q+ + q−, q2
is the invariant mass squared of the lepton pair, βℓ =√
1− 4m2ℓ/q2 is the lepton velocity in the rest frame
of the lepton pair. The polar angle θ is defined in this
frame and it is the angle between the momentum of
lepton l+ and the axis opposite to the direction of the
Higgs-boson momentum.
The amplitude of the decay is
M = Mtree + Mloop , (4)
where the tree-level amplitude (Fig. 1) is
Mtree = c0 ǫ∗µ(k) u¯(q−)(1 + sℓ + i pℓγ5)
×
(2qµ+ + k/γµ
2k · q+ −
2qµ− + γ
µk/
2k · q−
)
v(q+) , (5)
where
c0 = emℓQℓ (
√
2GF )
1/2 , (6)
e =
√
4παGF is the positron charge, Qℓ = −1 (lep-
ton charge in units of e) and mℓ is the lepton mass.
3The electromagnetic coupling in the GF -scheme [28] is
αGF =
√
2GFm
2
W (1−m2W /m2Z)/π, where mW (mZ) is
the mass of theW (Z) boson. For the rest we follow the
standard definition of the γ matrices and lepton spinors
(see, e.g. [29]).
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Fig. 1 Diagrams for the process h → γℓ+ℓ−. The upper row
shows the tree-level (bremsstrahlung) amplitudes, and the
loop diagrams are drawn below. Fermions f are indicated by
the solid lines, gauge bosons W±, Z, γ by the wavy lines, and
h boson by the dashed lines
The loop contributions h → γ γ∗/Z∗ → γℓ+ℓ− (see
Fig. 1) can be written in the form
Mloop = ǫ∗µ(k) [ (qµkν − gµνk · q)
× u¯(q−)(c1γν + c2γνγ5)v(q+)
− ǫµναβkαqβ u¯(q−)(c3γν + c4γνγ5)v(q+) ] , (7)
with coefficients c1, . . . , c4 which are specified below in
terms of the loop functions, and ǫ0123 = +1. Here we
follow notation in Refs. [22, 23].
Note that we do not take into account the loop con-
tributions of the type h → γℓ+ℓ− (the so-called box
diagrams). The contribution of these diagrams to the
considered decay is negligibly small in the SM [13, 14].
Also the processes h→ γV → γℓ+ℓ−, where V is inter-
mediate vector resonance decaying into the ℓ+ℓ− pair,
can contribute to the decay h → γℓ+ℓ−. In particular,
resonant production of the quarkonium states J/ψ (cc¯)
and Υ (1S) (bb¯) is of interest for studying the hqq¯ cou-
pling (see, for example [30–33]). The account of such
mechanisms lies beyond the scope of the present work.
We evaluate the amplitude (4) squared, sum over
the lepton and photon polarizations, and obtain the
following result in the model (1)
|M|2 = c20
[
(1 + sℓ)
2A+ p2ℓ A˜
]
+2 c0
[
(1 + sℓ)Re(c1)B + pℓ Im(c2) B˜
+(1 + sℓ) Im(c4)C + pℓRe(c3) C˜
]
+
(|c1|2 + |c3|2)D + (|c2|2 + |c4|2)E
+2 Im
(
c1c
∗
4 + c2c
∗
3
)
F . (8)
The fact that c0 is real while c1, . . . , c4 are generally
complex-valued is used in derivation of (8).
The coefficients in Eq. (8) are defined as follows (we
use below the notation z ≡ cos θ)
A =
16
(1− β2ℓ z2)2(m2h − q2)2
[ (m4h + q
4
−8m2ℓq2)(1− β2ℓ z2) + 32m4ℓ − 8m2hm2ℓ ] , (9)
A˜ =
16
(1− β2ℓ z2)2(m2h − q2)2
[ (m4h + q
4)
× (1− β2ℓ z2)− 8m2hm2ℓ ] , (10)
B = − 8mℓ
(1− β2ℓ z2)
[m2h − q2 + q2β2ℓ (1− z2) ] , (11)
B˜ = − 8mℓ
(1− β2ℓ z2)
(m2h − q2)βℓ z , (12)
C = − 8mℓ
(1− β2ℓ z2)
(m2h − q2)βℓ z , (13)
C˜ =
8mℓ
(1− β2ℓ z2)
(m2h − q2) , (14)
D =
1
2
(m2h − q2)2 [ q2(1 + β2ℓ z2) + 4m2ℓ ] , (15)
E =
1
2
(m2h − q2)2 q2 β2ℓ (1 + z2) , (16)
F = −(m2h − q2)2 q2 βℓ z . (17)
The FB asymmetry is defined as (see, e.g. [11, 12]
and [22, 23])
AFB(q
2) =
(dΓF
dq2
− dΓB
dq2
)(dΓF
dq2
+
dΓB
dq2
)−1
, (18)
where
dΓF
dq2
≡
∫ 1
0
dΓ
dq2 d cos θ
d cos θ ,
dΓB
dq2
≡
∫ 0
−1
dΓ
dq2 d cos θ
d cos θ . (19)
As only the coefficients B˜, C and F are linear in
cos θ, then it is seen from Eqs. (9)-(17) that the nu-
merator of the asymmetry (18) is determined by the
imaginary part of the terms c2, c4 and the combination
c1c
∗
4 + c2c
∗
3:
dΓF
dq2
− dΓB
dq2
= −2(m
2
h − q2)2
(8π)3m3h
×
[
c0
(
pℓ Im(c2) + (1 + sℓ) Im(c4)
)
8mℓ ln
( q2
4m2ℓ
)
+ Im
(
c1c
∗
4 + c2c
∗
3
)
(q2 − 4m2ℓ) (m2h − q2)
]
. (20)
4It may be instructive to analyze the asymmetry (18)
in the limit of zero lepton masses. Putting mℓ = 0 in
(8), (11)–(17) and (20) one obtains the distribution over
the ℓ+ℓ− invariant mass
dΓ
dq2
≡ dΓF
dq2
+
dΓB
dq2
=
(m2h − q2)3 q2
6 (4π)3m3h
4∑
j=1
|cj |2 (21)
and the FB asymmetry
AFB(q
2) = −3
2
Im
(
c1c
∗
4 + c2c
∗
3
)
|c1|2 + |c2|2 + |c3|2 + |c4|2 . (22)
For further reference we also introduce the inte-
grated over q2 asymmetry [22]:
〈AFB〉 =
∫ (dΓF
dq2
− dΓB
dq2
)
dq2
(∫ dΓ
dq2
dq2
)−1
, (23)
for appropriate integration limits q2min ≥ 4m2ℓ and q2max ≤
m2h.
2.2 Loop contributions
Let us specify the loop contributions in Fig. 1 to the
coefficients c1, . . . , c4. We introduce below the Weinberg
angle θW and the notation sW ≡ sin θW and cW ≡
cos θW .
We evaluate the loop diagrams using the Lagrangian
(1) for the hff¯ vertex. The scalar coupling of the Higgs
to fermions contributes to the coefficients c1, c2 which
read
c1 =
1
2
gV,ℓ
q2 −m2Z + imZΓZ
ΠZ +
Qℓ
q2
Πγ , (24)
c2 = −1
2
gA,ℓ
q2 −m2Z + imZΓZ
ΠZ , (25)
where mZ (ΓZ) is the mass (total decay width) of the
Z boson, and
ΠZ =
eg3
16π2mW
[
(1 + sf )
2gV,f
c2W
NfQfAf (λ
′
f , λf )
+AW (λ
′
W , λW )
]
, (26)
Πγ =
e3g
16π2mW
[
(1 + sf ) 4Q
2
fNf Af (λ
′
f , λf )
+AW (λ
′
W , λW )
]
. (27)
Here g = 2mW (
√
2GF )
1/2 is the SU(2)L coupling, Qf
is the charge of the fermion f in units of e, Nf =
1(3) for leptons (quarks), gV,f = t3L,f − 2Qfs2W and
gA,f = t3L,f are the vector and axial-vector couplings
of Z boson to the fermion, where t3L,f is the projection
of the weak isospin, and
λf,W ≡
4m2f,W
q2
, λ′f,W ≡ λf,W |q2=m2h . (28)
The loop integrals for fermions, Af (λ
′
f , λf ), and W
bosons, AW (λ
′
W , λW ), are expressed in terms of the
loop functions I1(λ
′, λ) and I2(λ
′, λ) [34] (see Appendix A).
The coefficients c3, c4 in the amplitude (7) come
only from the PS coupling of the Higgs boson to fermions
in the loops. We obtain
c3 =
1
2
gV,ℓ
q2 −m2Z + imZΓZ
Π˜Z +
Qℓ
q2
Π˜γ , (29)
c4 = −1
2
gA,ℓ
q2 −m2Z + imZΓZ
Π˜Z , (30)
Π˜Z =
eg3
16π2mW
pf
2gV,f
c2W
NfQfI2(λ
′
f , λf ), (31)
Π˜γ =
e3g
16π2mW
pf 4Q
2
f Nf I2(λ
′
f , λf ) . (32)
Of course, the sum over all fermions f = (ℓ, q) in (26),
(27), (31) and (32) is implied.
2.3 Forward-backward asymmetry in the SM
In the SM the angular distribution in Eq. (8) sim-
plifies. Indeed, one sets sℓ = pℓ = 0 in Eq. (8) and
sf = pf = 0 in Eqs. (26), (27), (31) and (32). Then
c3, SM = c4, SM = 0 and (8) turns into
|M|2SM = c20A+ 2 c0Re(c1, SM )B
+|c1, SM |2D + |c2, SM |2E , (33)
where c1, SM = c1|sf=0 and c2, SM = c2|sf=0 in (24)
and (25).
In follows from Eq. (20) that in the SM
AFB(q
2)SM = 0. (34)
Therefore a nonzero value of the FB asymmetry can
arise only in certain models beyond the SM. A similar
conclusion for the decay h → γZ → γℓ+ℓ− with on-
mass-shell Z boson has been inferred in [11, 12] and is
used there to estimate the magnitude of possible CP
violation effect.
The result (34) is at variance with the conclusion of
Refs. [22, 23], where the authors have found a nonzero
FB asymmetry in the framework of the SM. The origin
of a nonzero asymmetry in Ref. [22] is related to the
axial-vector coupling of the Z boson to the fermions in
the loop diagrams.
In fact, the axial-vector Zff¯ coupling does not con-
tribute to the process h → γZ∗ (for real or virtual
Z). This was noticed long ago in the framework of
the SM in Refs. [35–37] on the basis of the charge-
conjugation parity arguments. As an alternative argu-
ment, in Appendix B we show in the model (1) and in
the SM explicit cancellation of contributions from axial-
vector Zff¯ coupling to the fermion-loop diagrams for
h→ γ∗Z∗.
53 Results of calculations and discussion
Let us discuss the choice of parameters sf and pf for the
Higgs coupling to the fermions in (1). In terms of these
parameters the decay width of the Higgs to fermions,
except the top quark, is equal to
Γ (h→ f f¯) = NfGF
4
√
2π
m2f mh βf
(|1 + sf |2β2f + |pf |2) ,
(35)
where βf =
√
1− 4m2f/m2h is the fermion velocity in
the rest frame of h. Apparently, one can put βf ≈
1. Then in order to keep the Higgs decay widths to
fermions equal to their SM values we impose the fol-
lowing constraint on the parameters sf , pf
|1 + sf |2 + |pf |2 = 1. (36)
In this case, in order to ascertain the exact values of
the parameters sf and pf one would need to measure
polarization characteristics of the leptons, which is not
accessible at present.
Although Eq. (36) does not uniquely determine the
parameters we choose the tentative values as in Ref. [11]
sf = 1/
√
2− 1, pf = ± 1/
√
2 (37)
for all fermions. These values imply an equal weight of
1/2 of the S and PS couplings.
Regarding the Higgs couplings to the top quark, we
will choose them by requiring that the ratios
µgg =
Γ (h→ gg)
ΓSM(h→ gg) , µγγ =
Γ (h→ γγ)
ΓSM(h→ γγ) (38)
are consistent with the recent CMS results [38]
µggh, tt¯h = 1.13
+0.37
−0.31, µγγ = 1.14
+0.26
−0.23. (39)
This allows us to choose the following values of pa-
rameters st and pt
st = −0.3, |pt| = 0.55. (40)
With these parameters, values of µgg and µγγ appear
to be, respectively, 1.2 and 1.23.
As the interaction of the Higgs boson with the W±
and Z is not modified compared to the interaction in
the SM, the observables in the decays h → ZZ → 4ℓ
and h → WW → ℓνℓℓνℓ, where ℓ = (e, µ), are consis-
tent with the ATLAS and CMS data and spin–parity
analyses [39, 40].
Numerical values of the SM parameters are taken
from [27], namely, the gauge boson masses, widths, and
Zff¯ couplings. The quark masses are chosen according
to [28, 41], and sin2 θW = 1−m2W /m2Z .
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Fig. 2 Differential decay width for various final lepton pairs
as a function of the dilepton invariant mass q ≡
√
q2. Solid
lines are calculated in the SM, dashed lines in the model (1)
(parameters NP1; see the text)
In Fig. 2 we show the differential decay width for
h → ℓ+ℓ−γ for various leptons ℓ = (e, µ, τ) calcu-
lated in the SM model and in the model of new physics
(1) with parameters sf = 1/
√
2 − 1, pf = +1/
√
2 and
st = −0.3, pt = +0.55. This choice of parameters is
called hereafter NP1. The photon minimal energy in
the Higgs-boson rest frame is taken Eγ = 1 GeV in
6order to cut-off infrared divergence, so that qmax =
(m2h − 2mhEγ)1/2 ≈ mh − Eγ .
As is seen from Fig. 2, there is a deviation from
the prediction of the SM with the chosen parameters
sf , pf of new physics. Integration over the invariant
mass within the interval [qmin, qmax] leads to the widths
shown in Table 1.
Table 1 Decay width Γ (h→ γℓ+ℓ−) in keV for various lepton
states in the interval of invariant masses from qmin to qmax
(in GeV)
ℓ+ℓ− qmin qmax SM NP1
e+e− 1 124 0.34 0.37
1 30 0.11 0.13
µ+µ− 1 124 0.53 0.56
1 30 0.11 0.13
τ+τ− 4 124 31.0 31.1
4 30 0.16 0.20
The effect of new physics appears on the level 10–
20%, if the invariant-mass interval lies below 30 GeV.
Although the decay width in this interval is very small
compared, for example, to the two-photon decay width
of the Higgs boson in the SM Γ (h → γγ) = 9.28 keV
(Ref. [28]; see Table A.10 therein).
As one can also see from Fig. 2, for the decay h →
γe+e− the dominant contribution to the width in Ta-
ble 1 comes from the loop amplitude. For the h →
γµ+µ− decay, the tree-level and loop contributions are
comparable, while for the h → γτ+τ− decay, the tree-
level amplitude gives the dominant contribution.
In Fig. 3 the FB asymmetry (18) is presented as a
function of q. As mentioned above, the FB asymmetry
can take nonzero values only in models beyond the SM,
though not all models of new physics lead to nonzero
FB asymmetry. In the model (1), AFB(q
2) is propor-
tional to Eq. (20). All terms in (20) are proportional
to the parameters pf which characterize PS couplings
of the Higgs to the fermions. So in this model the FB
asymmetry is a direct measure of a possible CP viola-
tion in the hff¯ coupling.
For the light final leptons, e+e− and µ+µ−, the
dominant contribution to AFB(q
2) comes from the term
in (20) proportional to the imaginary part of the com-
bination c1c
∗
4+ c2c
∗
3. This imaginary part in turns orig-
inates from the Z-boson propagators in Eqs. (26), (27),
(31) and (32), and the loop contributions ΠZ , Πγ , Π˜Z
and Π˜γ . The latter have small imaginary parts arising
due to the intermediate on-mass-shell fermion–antifer-
mion pairs with the masses mf ≤ mh/2. These imagi-
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Fig. 3 Forward–backward asymmetry for various final lep-
tons, calculated in the model (1). Solid lines correspond to
parameters NP1 (pt = +0.55), dashed lines to parameters
NP2 (pt = +0.55 i). The sign of asymmetry is indicated at
the curve
nary parts come mainly from the bottom, charm quarks,
and the τ lepton (this fact was also noticed in [11]).
As is seen from Fig. 3, for real values of the param-
eters sf , pf (see solid lines) the FB asymmetry takes
values less than 1% for the electrons and muons, with
maximum value 0.8% at the dilepton invariant mass
around the Z-boson. For the τ leptons, the FB asym-
metry is bigger, with maximum value of about 2.5%. In
7principle, observation of a nonzero FB asymmetry will
point to CP violation in the Higgs coupling to fermions,
though its small values make the corresponding exper-
imental task difficult.
Let us emphasize that real parameters sf , pf follow
from the requirement of Hermiticity of the Lagrangian
Lhff in Eq. (1). Note that Hermiticity of Hamiltonian is
a necessary condition, in addition to Lorentz invariance,
locality, and the connection between spin and statistics,
in the proof of the CPT theorem in quantum field the-
ory [42]. It is of interest to explore how a possible non-
Hermiticity of the Lagrangian (1) will influence the FB
asymmetry. Noticeable sensitivity of the FB asymmetry
to non-Hermiticity of the hff¯ Lagrangian, in principle,
can be used for testing the CPT symmetry.
For the purpose of this we change for the top quark
the parameter pt from real value 0.55 to the imaginary
value 0.55 i, while keeping the rest of parameters equal
to their values in model NP1. This model is hereafter
called NP2. Note that this choice of parameters does
not affect the values of µgg and µγγ calculated above.
As a result, the FB asymmetry increases substan-
tially, up to 22% for electron and 14% for muon, while
for τ lepton the maximal value of the asymmetry re-
mains on the level of 2.5% (see dashed lines in Fig. 3).
In general, AFB(q
2) changes sign as a function of
the invariant mass, therefore the integrated FB asym-
metry (23) over the whole interval of q is rather small
and is not a suitable observable. In particular, in the
model NP1 (NP2) the FB asymmetry integrated over
the interval [1, 124] GeV for electrons and muons is
〈AFB〉 = −0.4% (+1%), and integrated over the in-
terval [4, 124] GeV for τ leptons is 〈AFB〉 = −0.06%
(−0.04%).
However, the integrated asymmetry increases for an
appropriately chosen interval of invariant mass, in which
AFB(q
2) does not change sign. For example, within the
interval [37.5, 75] GeV, for the e+e− pair 〈AFB〉 =
−0.4% (+17%) in the model NP1 (NP2). Within the
same interval, for the µ+µ− pair 〈AFB〉 = −0.3% (+12%)
in the model NP1 (NP2).
4 Conclusions
The differential decay width and forward–backward asym-
metry have been calculated for the decay of Higgs boson
to the photon and lepton–antilepton pair, h → γℓ+ℓ−,
where ℓ = (e, µ, τ). The calculations were performed in
the framework of the SM and in a model of new physics,
in which the Higgs boson interacts with fermions via a
mixture of scalar and pseudoscalar couplings. Both the
tree-level amplitudes and the one-loop h → γZ∗ →
γℓ+ℓ− and h → γγ∗ → γℓ+ℓ− diagrams have been in-
cluded.
We noted that the FB asymmetry vanishes identi-
cally in the SM. In models of new physics, which in-
clude effects of CP violation in the hff¯ interaction,
this asymmetry takes nonzero values. The experimen-
tal study of the FB asymmetry is of interest in the
search for effects of new physics in the Higgs–fermion
interaction.
In numerical estimates of the decay width and FB
asymmetry, the model parameters sf , pf have been cho-
sen by requiring that the h→ f f¯ decay widths coincide
with the widths in the SM for all leptons and quarks, ex-
cept the top quark. For the latter the parameters st, pt
were constrained from the conditions that the rates of
the h→ γγ and h→ gg decays are consistent with the
CMS data [38].
In the differential decay widths effects of new physics
appear on the level of 10–20%, especially at relatively
small values of dilepton invariant mass . 30 GeV.
As for the FB asymmetry, it takes nonzero values;
however, these values are small. In particular, AFB(q
2)
reaches 1% for electrons and muons and 2.5% for τ
leptons in the region of invariant mass q ∼ mZ .
We have also shown that the FB asymmetry in-
creases considerably if the parameter pt for the pseu-
doscalar htt¯ coupling becomes complex. Specifically, for
the imaginary value pt = 0.55 i the asymmetry rises up
to 22% for electrons and 14% for muons in the region of
invariant mass q ∼ 50 − 60 GeV. Hence the FB asym-
metry for the e+e− and µ+µ− pairs turns out to be
sensitive to the non-Hermiticity of the htt¯ interaction
Lagrangian. Since the requirement of Hermiticity un-
derlies the proof of the CPT theorem, the FB asymme-
try may also be used for testing the CPT symmetry.
For the τ leptons, the FB asymmetry is sensitive
to non-Hermiticity of the htt¯ interaction Lagrangian in
the region of relatively small q ∼ 20 GeV, staying less
than 1%. Whereas its maximal value 2.5% remains the
same with the real and imaginary parameter pt.
In our opinion experimental study of the differential
decay width and FB asymmetry in the h→ γℓ+ℓ− de-
cays may give additional information on the couplings
of the Higgs boson to fermions.
Appendix A: Definition of loop functions
The loop functions for the fermions, Af (λ
′
f , λf ), and
W± boson, AW (λ
′
W , λW ), are equal to
Af (λ
′, λ) = I1(λ
′, λ)− I2(λ′, λ) , (A.1)
8AW (λ
′, λ) = 16
(
1− 1
λ
)
I2(λ
′, λ)
+
[(
1 +
2
λ′
)( 4
λ
− 1)− (5 + 2
λ′
)]
I1(λ
′, λ) . (A.2)
The loop functions I1,2(λ
′, λ) are defined in Ref. [34]:
I1(λ
′, λ) =
λ′ λ
2 (λ′ − λ)
[
1 +
λ′ λ
λ′ − λ
(
f(λ′)− f(λ))
+
2λ′
λ′ − λ
(
g(λ′)− g(λ))] , (A.3)
I2(λ
′, λ) = − λ
′ λ
2 (λ′ − λ)
(
f(λ′)− f(λ)) , (A.4)
where the functions f(λ) and g(λ) can be expressed as
f(λ) =


arcsin2
1√
λ
λ ≥ 1
−1
4
(
log
1 +
√
1− λ
1−√1− λ − iπ
)2
λ < 1,
(A.5)
g(λ) =


√
λ− 1 arcsin 1√
λ
λ ≥ 1
√
1− λ
2
(
log
1 +
√
1− λ
1−√1− λ − iπ
)
λ < 1.
(A.6)
Appendix B: Fermion-loop integrals for the
h → γZ∗ transition
Here we show that axial-vector Zff¯ coupling to the
loop fermions does not contribute to the process h →
γZ∗ → γℓ+ℓ−. The derivation below is similar to the
proof of Furry’s theorem in quantum electrodynamics
(see, for example, [43], § 79).
γ k, µ
Z
q, ν
p
h
+
l + k
l − q
l
a
γ k, µ
Z
q, ν
p
h
l − k
l + q
l
b
Fig. 4 Fermion-loop diagrams for the process h → γZ with
real/virtual Z boson and photon
The hff¯ vertex in the model (1) is proportional
to the factor (1 + sf + ipfγ5), while the Zff¯ vertex
is proportional to γν(gV,f − gA,fγ5). The diagrams ‘a’
and ‘b’ in Fig. 4 with real/virtual Z and γ correspond
to the expressions (omitting irrelevant constants):
Ta =
∫
d4lTr
(
γµS(l + k)(1 + sf + ipfγ5)
× S(l − q)γν(gV,f − gA,fγ5)S(l)
)
, (B.7)
Tb =
∫
d4lTr
(
S(l)γν(gV,f − gA,fγ5)S(l + q)
× (1 + sf + ipfγ5)S(l − k)γµ
)
, (B.8)
where S(p) = (p/ −mf + i0)−1.
Introduce matrix Uc of the charge-conjugation op-
erator with the following properties:
U−1c γ
µ Uc = −γµT , U−1c γ5 Uc = γT5 ,
U−1c S(p)Uc = S(−p)T , (B.9)
where ‘T ’ means matrix transposition.
Using the unitarity conditions UcU
−1
c = U
−1
c Uc = 1
we can write for Tb
Tb =
∫
d4lTr
(
S(−l)Tγν T (gV,f − gA,fγT5 )
× S(−l− q)T (1 + sf + ipfγT5 )S(−l + k)TγµT
)
=
∫
d4lTr
(
γµS(−l+ k)(1 + sf + ipfγ5)
× S(−l− q)(gV,f − gA,fγ5)γνS(−l)
)T
=
∫
d4lTr
(
γµS(l+ k)(1 + sf + ipfγ5)
× S(l − q)(gV,f − gA,fγ5)γνS(l)
)
=
∫
d4lTr
(
γµS(l+ k)(1 + sf + ipfγ5)
× S(l − q)γν(gV,f + gA,fγ5)S(l)
)
, (B.10)
where the property Tr(ATBT . . . CT ) = Tr(C . . . BA)
for arbitrary matrices A,B,C, . . . is used, and the inte-
gration variable is changed, l → −l.
Adding (B.7) and (B.10) we obtain the sum of dia-
grams ‘a’ and ‘b’ in Fig. 4:
Ta + Tb = 2gV,f
∫
d4lTr
(
γµS(l + k)
× (1 + sf + ipfγ5)S(l − q)γνS(l)
)
, (B.11)
which means that the contribution from the Zff¯ axial-
vector coupling vanishes, while the contribution from
the vector coupling doubles.
Setting sf = pf = 0 in the Higgs fermion vertex
reproduces the result in the SM.
References
1. G. Aad et al. (ATLAS Collaboration),
Phys. Lett. B 716, 1 (2012)
2. S. Chatrchyan et al. (CMS Collaboration),
Phys. Lett. B 716, 30 (2012)
3. S. Chatrchyan et al. (CMS Collaboration),
Phys. Rev. Lett. 110, 081803 (2013)
94. A. Pilaftsis, C.E.M. Wagner, Nucl. Phys. B553, 3
(1999)
5. V. Barger, P. Langacker, M. McCaskey et al., Phys.
Rev. D 79, 015018 (2009)
6. G.C. Branco, P.M. Ferreira, L. Lavoura et al., Phys.
Rep. 516, 1 (2012)
7. D. Bailin, A. Love, Cosmology in Gauge Field The-
ory and String Theory (Institute of Physics Pub-
lishing, Bristol-Philadelphia, 2004)
8. M.B. Voloshin, Phys. Rev. D 86, 093016 (2012)
9. F. Bishara, Y. Grossman, R. Harnik, D. J. Robin-
son, J. Shu, J. Zupan, JHEP 1404, 084 (2014)
10. V.A. Kovalchuk, Zh. Eksp. Theor. Fiz. 134, 907
(2008) [J. Exp. Theor. Phys. 107, 774 (2008)]
11. A.Yu. Korchin, V.A. Kovalchuk, Phys. Rev. D 88,
036009 (2013)
12. A.Yu. Korchin, V.A. Kovalchuk, Acta Phys. Polon.
B 44, 2121 (2013)
13. A. Abbasabadi, D. Bowser-Chao, D.A. Dicus,
W.W. Repko, Phys. Rev. D 52, 3919 (1995)
14. A. Abbasabadi, D. Bowser-Chao, D.A. Dicus,
W.W. Repko, Phys. Rev. D 55, 5647 (1997)
15. A. Abbasabadi, W.W. Repko, Phys. Rev. D 62,
054025 (2000)
16. L.-B. Chen, C.-F. Qiao, R.-L. Zhu, Phys. Lett. B
726, 306 (2013)
17. D. A. Dicus, W. W. Repko, Phys. Rev. D 87,
077301 (2013)
18. G. Passarino, Phys. Lett. B 727, 424 (2013)
19. D.A. Dicus, C. Kao, W. W. Repko, Phys. Rev. D
89, 033013 (2014)
20. D.A. Dicus, W. W. Repko, Phys. Rev. D 89, 093013
(2014)
21. The CMS Collaboration, Report No. CMS-PAS-
HIG-14-003
22. Y. Sun, H.-R. Chang, D.-N. Gao, JHEP 1305, 061
(2013)
23. R. Akbar, I. Ahmed, M.J. Aslam, arXiv:1401.0813
[hep-ph]
24. Y. Chen, A. Falkowski, I. Low, R. Vega-Morales,
arXiv:1405.6723 [hep-ph]
25. S. Chatrchyan et al. (CMS Collaboration), Nature
Phys. 10, 557 (2014)
26. G. Aad et al. (ATLAS Collaboration),
arXiv:1406.7663v1 [hep-ex]
27. J. Beringer et al., Particle Data Group, Phys. Rev.
D 86, 010001 (2012)
28. LHC Higgs Cross Section Working Group,
arXiv:1307.1347v1 [hep-ph]
29. M.E. Peskin, D.V. Schroeder, An Introduction to
Quantum Field Theory (Perseus Books Publishing,
L.L.C., 1995)
30. G. T. Bodwin, F. Petriello, S. Stoynev, M. Velasco,
Phys. Rev. D 88, no. 5, 053003 (2013)
31. A.L. Kagan, G. Perez, F. Petriello, Y. Soreq,
S. Stoynev, J. Zupan, arXiv:1406.1722v1 [hep-ph]
32. D.-N. Gao, arXiv:1406.7102v1 [hep-ph]
33. B. Bhattacharya, A. Datta, D. London, Phys. Lett.
B 736, 421 (2014)
34. M. Spira, Fortsch. Phys. 46, 203 (1998)
35. R. Cahn, M. S. Chanowitz, N. Fleishon, Phys. Lett.
B 82, 113 (1979)
36. L. Bergstro¨m, G. Hulth, Nucl. Phys. B259, 137
(1985); B276, 744(E) (1986)
37. A. Barroso, J. Pulido, J.C. Roma˜o, Nucl. Phys.
B 267, 509 (1986)
38. V. Khachatryan et al. (CMS Collaboration),
arXiv:1407.0558 [hep-ex]
39. G. Aad et al. (ATLAS Collaboration), Phys. Lett.
B 726, 120 (2013)
40. S. Chatrchyan et al. (CMS Collaboration), Phys.
Rev. D 89, 092007 (2014)
41. LHC Higgs Cross Section Working Group,
arXiv:1101.0593v3 [hep-ph]
42. R.F. Streater, A.S. Wightman, PCT, Spin and
Statistics and All That (W.A. Benjamin, Inc. New
York–Amsterdam, 1964)
43. V.B. Berestetskii, E.M. Lifshitz, L.P. Pitaevskii,
Quantum Electrodynamics. Course of Theoretical
Physics, vol. 4, 2nd ed, p. 652. Pergamon Press,
Oxford (1982)
